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and Center for Computational Medicine and Bioinformatics, University of Michigan, Ann Arbor, MichiganABSTRACT The interaction of coﬁlin with actin ﬁlaments displays positive cooperativity. The equilibrium binding and associ-
ated thermodynamic properties of this interaction are well described by a simple, one-dimensional Ising model with nearest
neighbor interactions. Here we evaluate the kinetic contributions to cooperative binding and the ability of this model to account
for binding across a wide range of coﬁlin concentrations. A Monte Carlo-based simulation protocol that allows for nearest-
neighbor interactions between adjacent binding sites was used to globally ﬁt time courses of human coﬁlin binding to human non-
muscle (b-, g-) actin ﬁlaments. Several extensions of the one-dimensional Ising model were tested, and a mechanism that
includes isomerization of the actin ﬁlament was found to best account for time courses of association as well as irreversible disso-
ciation from a saturated ﬁlament. This model predicts two equilibrium states of the coﬁlin-actin, or coﬁlactin, ﬁlament, and the
resulting set of binding parameters are in agreement with equilibrium thermodynamic parameters. We conclude that despite
its simplicity, this one-dimensional Ising model is a reliable model for analyzing and interpreting the energetics and kinetics of
cooperative coﬁlin-actin ﬁlament interactions. The model predicts that severing activity associated with boundaries between
bare and decorated segments will not be linear, but display a transient burst at short times on coﬁlin activation then dissipate
due to a kinetic competition between severing activity and coﬁlin binding. A second peak of severing activity is predicted to arise
from irreversible coﬁlin dissociation on inactivation. These behaviors predict what we believe to be novel mechanisms of coﬁlin
severing and spatial regulation of actin ﬁlament turnover in cells. The methods developed for this system are generally applicable
to the kinetic analysis of cooperative ligand binding to linear polymers.INTRODUCTIONThe actin regulatory protein, cofilin, binds actin filaments
cooperatively and promotes actin assembly dynamics by
severing filaments and increasing the number of ends from
which subunits add and dissociate (1–3). This process is
a critical step in cell migration because free barbed ends
are important for rapid actin assembly at the leading edge,
whereas filament severing and disassembly are vital for turn-
over and remodeling of the actin network (4). Cofilin activity
is highly regulated by a number of factors within the cell,
e.g., phosphorylation or binding to PI(4,5)P2, and coopera-
tive binding to actin filaments is an additional regulatory
component because the binding density of cofilin strongly
influences its severing ability (1). Cofilin also binds actin
monomers and accelerates filament nucleation, an activity
that has been implicated in the regulation of filament
assembly in cells (5).
We have used a one-dimensional Ising model with near-
est-neighbor interactions to analyze cooperative cofilin
binding to actin filaments under equilibrium conditions (6).
This relatively simple model has advantages over previous
models because it has a well defined thermodynamic founda-
tion and the predictive power from which to develop
binding-based severing models (1). The model explicitlySubmitted November 24, 2009, and accepted for publication January 15,
2010.
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0006-3495/10/05/1893/9 $2.00accounts for the three types of binding modes that exist on
a linear actin filament lattice: 1), isolated (no nearest neigh-
bors) with an intrinsic binding constant of Ka; 2), singly
contiguous (one nearest-neighbor) with a binding constant
of Kau, where u is the unitless cooperativity parameter
that specifies the relative affinity for binding to a contiguous
versus an isolated site and is related to the cooperative free
energy (DGcoop) according toDGcoop¼RTln (u); and 3),
doubly contiguous (two nearest neighbors) with affinity
Kau
2. A value of u > 1 means positive cooperativity exists
(DGcoop < 0); negative cooperativity generates u < 1
(DGcoop > 0), and u ¼ 1 (DGcoop ¼ 0) when no coopera-
tivity exists. Equilibrium experiments showed that human
cofilin I binds human nonmuscle (85% b, 15% g) actin fila-
ments with an affinity (1/Ka) of 14 mM and u of ~17 (6).
The one-dimensional Ising model permits the prediction
of the equilibrium biochemical state (i.e., isolated, single-
contiguous and doubly-contiguous) distribution and shows
that a single cofilin molecule can sever a filament (6).
Consistent with this, fully-decorated filaments are more
stable and severed less readily than partially decorated fila-
ments (1,5,7,8), thereby favoring a model in which asymme-
tries in filament mechanics (9,10) and conformational
dynamics (10) at junctions of bare and decorated regions
(1,6) increases the severing probability. Cofilin binding
(11) is more rapid than severing (5,7). Cofilin severing of
actin filaments is, therefore, under kinetic control—rapid
filament decoration, large cofilin cluster sizes, and filamentdoi: 10.1016/j.bpj.2010.01.023
1894 De La Cruz and Septstabilization is favored at high (cofilin), whereas slow fila-
ment binding, small cluster sizes and severing are favored
at low (cofilin).
The cooperativity parameter (u) and the binding affinity
(Ka) that arise in the equilibrium model can be expanded in
terms of their kinetic components (u ¼ uþ/u and Ka ¼
kþ/k). The observed rate constant for cofilin dissociation
from small clusters is slightly more rapid than from large
clusters, indicating that cooperativity arises, in part, from
slowing dissociation (11). Time courses of human cofilin
dissociation from rabbit muscle actin filaments are well
described by a simplified mechanism in which cooperativity
arises from a large acceleration of binding (1,11–13), consis-
tent with bound cofilin changing the filament structure and/or
dynamics in such a manner that it increases the accessibility
of neighboring sites on a filament. Our objective here is to
evaluate the kinetic basis of human cofilin binding to human
nonmuscle actin filaments and to evaluate how consistent
these results are with the values determined from equilibrium
measurements.METHODS
Proteins
Recombinant human cofilin I was purified as described (6,10,11). Human
platelet b, g-actin (85% b, 15% g) was purchased from Cytoskeleton (Den-
ver, CO), labeled with pyrene (6), and gel-filtered over Sephacryl S300 at
4C in G buffer (5 mM Tris (pH 7.5), 0.2 mM ATP, 0.1 mM CaCl2,
0.5 mM DTT, 1 mMNaN3). The labeling efficiency was R0.95 pyrene
per actin molecule. All proteins were dialyzed exhaustively before use
against KMI6.6 buffer (50 mM KCl, 2 mM MgCl2, 2 mM DTT, 0.2 mM
ATP, 1 mM NaN3, 20 mM imidazole (pH 6.6)). Ca
2þ-actin monomers
were converted Mg2þ-actin monomers with 0.2 mM EGTA and 50 mM
MgCl2 immediately before dialysis.Cooperative binding kinetics
Time courses of cooperative cofilin binding to actin filaments were acquired
in KMI6.6 buffer using an Applied Photophysics (Leatherhead, Surrey, UK)
SX.18MV-R stopped-flow apparatus thermostated at 25(50.1)C. The exci-
tation wavelength was set to 366 nm and the emission was monitored at 90
through 385-nm or 400-nm long-pass colored glass filters. The reaction was
initiated by rapidly mixing 1.2 mM pyrene actin filaments with a range of
cofilin concentrations. Time courses of cofilin dissociation were measured
by mixing an equilibrated mixture of cofilin and pyrene actin filaments
(binding density (n) >0.9) with R60 mM unlabeled actin filaments (11).
The indicated concentrations are final concentrations after mixing. Time-
courses were corrected for photobleaching as previously described (14).
The observed fluorescence intensities (FI) were converted to the cofilin
binding density (n, cofilin molecules bound per actin subunit) using the
expression (6):
n ¼ 1

FI  FIN
FI0  FIN

; (1)
in which FI0 is the fluorescence of pyrene actin alone and FIN is the fluores-
cence of cofilin-saturated actin filaments. This expression is valid when
binding is stoichiometric (one cofilin per actin subunit) and the fluorescence
quenching is linearly proportional to the fractional actin saturation (6,15).
Note that because the stoichiometry under our conditions is one cofilinBiophysical Journal 98(9) 1893–1901molecule per actin subunit, the fractional filament saturation (ligated
actin subunits per total actin subunits) and the cofilin binding density are
equivalent.
Monte Carlo simulations
To simulate the cooperative binding of cofilin to sites along actin filaments,
we used the Monte Carlo treatment developed by Epstein (16). The system
was set up to mimic a solution volume of 100 fL and the actin and cofilin
were treated as discrete entities. Actin filaments were modeled as a single
array, which for a concentration of 1.2 mM had ~72,000 sites. The number
of cofilin molecules varied from ~300,000 for a concentration of 5 mM to
>1.8 million at 30 mM. Each step in the MC algorithm involved two
biochemical transitions (cofilin binding and dissociation); the expanded
model included two additional transitions (forward and reverse isomeriza-
tion of cofilactin). We took timesteps of 1 ms and simulated for a total
time of 20 s. Because the solution is stochastic, the averaged solution of
five separate runs was used to compare with the experimental data.
Rate constant determination
To find the set of kinetic parameters that best fit the experimental data, we
used a particle swarm optimization method (17). In this method, an initial
population of solutions (particles) is first set up with random values for
the kinetic rate constants within specified bounds (kþ, uþ, k, u, and
kþi, ki with isomerization). The fitness or score for each solution is based
on the sum of square residuals (SSR) from fitting the MC solution to the
experimental data. The rate constant values for each particle are updated
stochastically based on three criteria: 1), the current score or SSR; 2), the
best score found by the particle during the current search; and 3), the best
score found by any particle within the local neighborhood, again during
the current search. For populations of 15–40 particles, the solutions would
converge within 200–300 iterations, resulting in a single set of rate
constants. Because the particle swarm solutions involve a stochastic search
of parameter space, we cannot rely on a single run to estimate the rate
constants. Instead, we completed 20 independent runs for each model and
took the five solutions with the lowest SSR values. We averaged the param-
eter values for these five runs, resulting in a mean and standard deviation for
each rate constant.
Calculation of biochemical states
Throughout the course of the simulation, each cofilin binding site on the
actin filament was monitored and designated as occupied or vacant. Occu-
pied sites were defined either as isolated (no bound nearest-neighbors),
singly-contiguous (on the edge of a cluster), or doubly-contiguous (within
a cluster) according to the occupancy of neighboring sites on the filament.
Using this data, the number (N) of boundaries between decorated and bare
segments on the filament was calculated from: Nboundaries ¼ 2*(Nisolated) þ
(Nsingly-contiguous).
Coﬁlin binding to actin monomers assayed from
inhibition of nucleotide exchange
The dissociation rate constant of etheno-ATP (3ATP, Molecular Probes,
Eugene, OR) or etheno-ADP (3ADP) from actin monomers (18) was
measured from the time course of fluorescence reduction after mixing (final
concentrations) 0.5 mM Mg-3ATP-actin or Mg-3ADP-actin monomers with
40-fold excess unlabeled nucleotide (1 mM MgATP or MgADP; 25 mM
free etheno-nucleotide) and a range of cofilin concentration. Measurements
were made at 25C in 5 mM Tris (pH 7.0), 2 mM DTT, 100 mM MgCl2
buffer to avoid polymerization during the long acquisition times needed
to measure dissociation with excess cofilin. Given the high affinity of actin
monomers for Mg2þ (19), we consider bound nucleotide as a metal-nucle-
otide complex.
FIGURE 1 One-dimensional Ising models with nearest
neighbor interactions evaluated in this study. Note that
the models differ in the number of cofilactin conforma-
tions—isomerized and not—and origin of nearest-neighbor
cooperative interactions.
Cooperative Coﬁlin Binding Kinetics 1895Observed nucleotide dissociation rate constants (kNucleotide) were
obtained from fitting the time courses to single exponential functions. The
apparent binding affinity of cofilin for actin monomers was determined
from the cofilin concentration dependence of the observed nucleotide
exchange rate constant by least-squares fitting to the quadratic form of the
binding equation that takes into account the total protein concentrations:
kNucleotide ¼ kAN þ ðkCAN  kANÞ

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(2)
where [A]tot and [C]tot are the total actin monomer and cofilin concentra-
tions, Kd is the apparent dissociation equilibrium constant of cofilin for actin
monomers, kAN is the nucleotide dissociation rate from actin monomers in
the absence of cofilin, and kCAN is the dissociation rate of bound nucleotide
from the ternary (cofilin-actin-nucleotide) complex populated in the pres-
ence of saturating cofilin.RESULTS
We evaluate the kinetic mechanism of human cofilin binding
to human nonmuscle actin filaments and determine the
kinetic contributions to the observed cooperativity. We do
so by globally fitting time courses of filament decoration
using a Monte Carlo-based simulation protocol that models
an actin filament as a one-dimensional lattice of identical
sites and allows for nearest-neighbor interactions between
adjacent binding sites. We consider three distinct models
(Fig. 1) that differ in the number of kinetic transitions asso-
ciated with binding and the basis of nearest-neighbor coop-
erative interactions: (Model A) a single-step binding model
in which bound cofilin allosterically interacts with vacant
neighboring sites, (Model B) a two-step binding model inwhich cofilin binding is followed by an isomerization of
the cofilactin complex, and the isomerized conformation
gives rise to cooperativity at neighboring sites, and (Model C)
a two-step binding-isomerization model as in (Model B),
except that cooperative interactions arise from both bound
conformations of cofilactin—isomerized and unisomerized.
The inclusion of an isomerization step was inspired by the
observation of a slow relaxation in the association time
courses (discussed below). Each of these models was evalu-
ated for their ability to account for the kinetic and equilibrium
binding profiles of cooperative cofilin binding.
Time courses of cooperative cofilin binding display two
distinct relaxation phases over the concentration range exam-
ined (Fig. 2): a lag phase that is completed on the millisecond
timescale, followed by a slower phases on the hundreds of
milliseconds to seconds timescale. The single-step binding
model (Model A) describes association time courses reason-
ably well (Fig. 2, a and b) but fails to account for the slow
relaxation, particularly at low cofilin concentrations (Fig. 2,
a and b). We therefore evaluated a mechanism in which co-
filin binding occurs in two steps—initial binding followed by
a slow isomerization—with only the isomerized conforma-
tion yielding nearest-neighbor cooperative interactions
(Model B; Fig. 2, c and d). This mechanism also fails to reli-
ably account for the time courses over the cofilin concentra-
tion range examined, and the fit between the experimental
and model curves was worse than that for Model A.
A two-step binding model in which both bound conforma-
tions—isomerized or not—promote nearest-neighbor coop-
erative interactions (Model C; Fig. 2, e and f) describes
the complete set of binding time courses best as indicated
by the sum of square residuals from comparing the modelBiophysical Journal 98(9) 1893–1901
FIGURE 2 Time courses of cooperative cofilin binding
to actin filaments. The colored lines represent the best fits
of the experimental data (black lines) to: (a and b) Model
A; (c and d) Model B; and (e and f) Model C. The paired
left-right panels show the same data but are presented on
different timescales for visualization. The model results
are averaged over 20 individual runs to smooth out the
intrinsic noise.
1896 De La Cruz and Septpredictions and the experimental data points. The resulting
kinetic rate constants for Model C are shown in Table 1.
We note that the slower than diffusion-limited association
rate constant for binding to an isolated site is consistent
with the suggestion that initial binding of cofilin is limited
by thermal fluctuations in actin filament shape (11). The
observation that isolated site binding is more rapid to non-
muscle actin filaments than skeletal muscle filaments, of
which the former are more flexible (20), further supports
the hypothesis that filament mechanics modulate cofilin
binding kinetics and cooperativity (1,6).
Although these kinetic parameters are defined solely from
fitting association data, the resulting set of constants include
contributions to binding as well as dissociation and shouldTABLE 1 Best ﬁt kinetic and equilibrium binding parameters
determined from Model C
Parameter Value
kþ (mM
1 s1) 0.0635 0.003
k (s
1) 0.445 0.07
1/Ka (mM) 7.05 1.2
kþi (s
1) 0.135 0.05
ki (s
1) 0.115 0.04
Ki ¼ kþi /ki 1.25 0.6
uþ 2.715 0.03
u 0.3065 0.005
u ¼ uþ /u 8.95 0.2
Biophysical Journal 98(9) 1893–1901therefore also describe cofilin dissociation from filaments.
Indeed, the predicted time courses of cofilin dissociation
agree extremely well with those observed experimentally
(Fig. 3); both the experimental and simulated data are well
described by single exponentials with relaxation times ofFIGURE 3 Time course of cofilin dissociation from actin filaments. The
time course of irreversible cofilin dissociation (right, trace with noise) is
shown with a simulated time course (left, smooth trace) of dissociation as
predicted from the best-fit parameters obtained from analysis of association
time courses. The dashed line through each curve represents the best fit to
a single exponential with observed rate constants 0.09 s1 of and 0.07 s1
for the experimental and simulated data, respectively.
Cooperative Coﬁlin Binding Kinetics 1897the decays that differ by a factor of<2 (0.09 s1 and 0.07 s1
for the experimental and simulated data, respectively;
Fig. 3). Further, the best-fit kinetic parameters obtained using
Model C predict that cofilin dissociates more rapidly from
small clusters than from large clusters, as has been observed
experimentally (11).
The best fit kinetic parameters to Model C yield equilib-
rium binding affinity (1/Ka) and cooperativity parameter
(u) values of 7.0 5 1.2 mM and 8.9 5 0.2, respectively.
These compare favorably, again within a factor of two,
with the values of 1/Ka (14 5 6 mM) and u (16.7 5 1.4)
obtained from equilibrium binding measurements (6).
Although the isolated site affinity and overall cooperativity
determined from equilibrium and kinetic analysis do differ
slightly, the product of these two values, which reflects the
apparent binding affinity for cofilin binding to a singly
contiguous site (i.e., with one nearest neighbor (6)), are
essentially identical: 1/(Kau) ¼ 0.79 and 0.8 for the simula-
tions and experiments, respectively.
We also determined the equilibrium binding affinity of co-
filin for b, g-actin monomers with either bound 3ATP or
3ADP (Fig. 4) from the inhibition of nucleotide exchange
(21). Human b, g-actin monomers exchange bound
Mg3ATP at 0.052 (5 0.001) s1; bound Mg3ADP dissoci-
ates more rapidly at 0.153 (5 0.005) s1. These values are
within a factor of two of the values obtained by others
with human b, g-actin under higher ionic strength buffer
conditions (21). Cofilin binding slows exchange of both
nucleotides to <0.01 s1. The [cofilin]-dependence of the
observed rate constant of nucleotide exchange yield binding
affinities 9.0 (51.0) mM and 0.20 (50.06) mM for MgATP-
and MgADP-actin monomers, respectively. We note that
these values are an order of magnitude weaker than those re-
ported previously for cofilin-I (22). The differences may beFIGURE 4 Cofilin binding to actin monomers assayed from inhibition of
nucleotide exchange. The observed rate constants of 3ATP (triangles) and
3ADP (circles) dissociation from actin monomers were determined from
the best fit of the time courses of exchange to single exponentials. Uncer-
tainties are within the data points. The solid lines represent the best fit of
the data to Eq. 2.due to the assays used, change in fluorescence of NBD-
labeled actin monomers (22) or inhibition nucleotide
exchange from unlabeled monomers (Fig. 4), or the actin iso-
forms—rabbit skeletal muscle actin (22) or human non-
muscle actin (this study). The method of cofilin preparation
could also contribute because they have different composi-
tion at the cofilin N-terminus, a region known to be impor-
tant for actin binding activity (23). The GST constructs
used by Vartiainen (22), yield two additional amino acid
residues (Ser-Gly) at the cofilin N-terminus, which are
absent from the untagged recombinant protein with the
N-terminal methionine, presumably removed, used in this
study.DISCUSSION
Coﬁlin binding to actin ﬁlaments is a multi-step
process
Previous kinetic models of cofilin binding to actin filaments
(12,13) proposed that cooperative association proceeds by
a two-step, nucleation-zipper mechanism. The first step is
weak binding of two cofilin molecules on a filament to
form a nucleus for growth; binding of the first cofilin on
a filament is slow and likely limited by filament fluctuations
or filament breathing (11). The second step is thought to be
the rapid and irreversible binding of consecutive cofilin
molecules in a zipper-like manner along the filament
(12,13). This nucleation-zipper model accounts for experi-
mental data extremely well and predicts that cooperative zip-
pering is strong and filaments in solution are either fully
decorated or bare (13). However, the cooperativity observed
experimentally for human cofilin is too weak to yield such
behavior (6), and the slow relaxation observed at low cofilin
concentrations cannot be explained by such models.
The two-state one-dimensional Ising model with nearest
neighbor cooperative interactions does an excellent job of
describing the equilibrium thermodynamics (6) and a fair
job of describing the association kinetics (Model A in
Fig. 2, a and b), but a second biochemical transition corre-
sponding to isomerization of the cofilactin filament is
required to properly fit the observed kinetic transients
(Fig. 2). In principle, an isomerization on bare actin filaments
that precedes and limits cofilin binding can account for the
slow phase, but we do not favor this mechanism because
the observed relaxation time would be independent of cofilin
concentration, which is clearly not the case (Fig. 2). There-
fore, we prefer a mechanism in which the slow relaxation
arises from a conformational change of the cofilactin
complex on initial binding (Fig. 1).
Model C describes well the equilibrium and kinetic
behavior of cofilin binding to actin filaments, but it is
unlikely to reflect a unique solution. It is natural to question
what additional models can account for the experimental
data. It is instructive to apply the Bayesian informationBiophysical Journal 98(9) 1893–1901
1898 De La Cruz and Septcriterion (BIC) developed by Schwarz (24) to evaluate if the
additional parameters in Model C are warranted. The BIC
measure is defined as: BIC ¼ SSR=s2e þ klnðnÞ where SSR
is the sum of square residuals between the model and the
data, s2e is the error variance, k is the number of free param-
eters, and n is the number of data points. When we apply this
metric to our case, we see that the BIC for Model C is nearly
half of that for Model A, indicating that the addition of two
free parameters is completely justified by the improvement in
the overall fit. A model involving additional transitions/
states and free parameters will often fit experimental data
better, however any decrease in the SSR must outweigh
the increase in k to yield an overall decrease in BIC.
With this in mind, we do not consider models in which
non-nearest neighbor interactions influence cofilin binding
because it is difficult to distinguish experimentally between
nearest-neighbor and non-nearest-neighbor cooperativity
unless the value of u is very large and the experimental
data are well described by simpler models in which only
nearest-neighbor interactions are assumed to modulate
binding (discussed below). In addition, because bound cofi-
lin molecules do not directly interact, cooperative interac-
tions and associated energies (DG
0
coop) must be mediated
through changes in actin filament conformation and/or
dynamics and these will dissipate exponentially as distance
from the occupied site increases, so cooperative interactions
that promote cofilin binding will be less significant beyond
neighboring subunits. This does not mean that non-nearest
neighbor interactions are not present (1,10,25,26), just that
they do not contribute significantly to cooperative cofilin
binding to actin filaments (27).Coﬁlactin ﬁlaments adopt two equilibrium
conformations
Evidence for isomerization states and structural plasticity in
actin filaments has had a growing amount of support from
structural (28) and spectroscopic (29) studies, as well as
detailed analysis of polymerization kinetics (30) and phos-
phate release after polymerization (31). These studies show
evidence for an age-dependent conformational change in
the actin filament such that newly polymerized filaments
exhibit significant heterogeneity, but as bound ATP is hydro-
lyzed and phosphate is released, the filament assumes more
uniform conformation typical of mature ADP F-actin
(30,31). Cofilin preferentially binds to the ADP state of the
filament (12,15), but the binding of cofilin induces confor-
mational changes in the filament and reintroduces some
degree of disorder within the filament (10,32). This behavior
suggests the existence of two conformational states or at least
two phases of the filament, and further indicates that the
binding of cofilin can influence the transitions and equilib-
rium between these states.
The distinct conformational states of cofilactin (i.e., iso-
merized or not) identified from kinetic analysis in this studyBiophysical Journal 98(9) 1893–1901are consistent with previous spectroscopic (10,29) and
assembly (30) studies of cofilactin filaments. Time-resolved
phosphorescence anisotropy of actin and cofilactin filaments
indicate that cofilin binding shifts the equilibrium distribu-
tion of actin thermal conformers and that a filament fully
saturated with cofilin is predominantly in one of two equilib-
rium conformations with distinct spectroscopic and struc-
tural properties (10). The equilibrium distribution of these
states is ~40%, interpreted as unisomerized because it
comprises a small (<5%) fraction in the absence of cofilin,
and ~60% with bound cofilin, which yields an association
equilibrium constant of 1.5 (a third state maximally popu-
lated at ~3% of the total actin was also observed). Similar
results are found from the analysis of depolymerization rates
in the presence of cofilin (30). This study finds two distinct
populations of filaments, comprising 61% and 39% of the
population, which results in an equilibrium constant of
1.56. Both of these values are comparable (i.e., within exper-
imental uncertainty) to our equilibrium constant of 1.2 for
the isomerized an unisomerized equilibrium (Ki; Table 1),
suggesting the two conformational states observed in these
other studies correspond to the two cofilactin conformational
states identified from the kinetic analysis in this study.
It is tempting to assign the isomerized conformation of co-
filactin as a state that is linked to filament severing activity.
This behavior would be consistent with the observation that
severing (5,7) is considerably slower than binding (Fig. 2
(11)). However, the hypothesis that severing occurs at
boundaries of bare and decorated segments (1,6,9) is
strengthened by the correlation of filament severing activity
and stability with boundaries, independent of the isomeriza-
tion identified here (1), indicating that occupancy rather than
conformation is the major determinant. However, the iso-
merized conformation may affect the rate constant for fila-
ment subunit dissociation (30).Model predictions and implications for coﬁlin
in vivo function
Developing models of in vivo cofilin function and targeted
severing activity requires knowledge of the time evolution
of cooperative cofilin binding and distribution of biochem-
ical states that promote severing. All evidence indicates
that cofilin preferentially severs at the boundary between
decorated and undecorated portions of the filament (1,6,9),
the extreme example of this being filament severing by
a single bound cofilin molecule (6). As such, the existence
of boundaries between cofilin-bound and vacant sites is
proportional to the overall severing activity of the protein (1).
The activity of cofilin is spatially regulated by slingshot
and LIM kinase (33,34), but the temporal activity is also
regulated by the rates of hydrolysis and phosphate release
from the actin filaments as well as changes in the boundaries
that define bound cofilin clusters. The density of boundaries
on filaments increases sharply at early time points on cofilin
Cooperative Coﬁlin Binding Kinetics 1899activation (i.e., on activation at the leading edge), but then
slowly decays as the clusters of bound cofilin continue to
grow to decorate the filament (Fig. 5). Because the peak
number of boundaries has been linked to maximum severing
activity (1), a burst of severing activity and subsequent fila-
ment assembly dynamics is predicted to occur at early times
after cofilin activation, followed by spontaneous inactivation
due to further filament decoration and loss of boundaries
(Fig. 5). The total amount of severing should scale with
the integrated area of each of the time evolution of bound-
aries (Fig. 5), as this represents the product of the number
of boundaries and their duration. The maximum severing
rate is thought to be slow and on the seconds timescale
(12). Therefore, high cofilin concentrations will yield less
severing than low cofilin, because boundaries will exist for
shorter times (Figs. 5 and 6).FIGURE 6 Time evolution of boundaries between bare and decorated
regions that are associated with cofilactin severing activity on cofilin disso-
ciation and inactivation. (a) The number density of boundaries was calcu-
lated assuming a fully decorated filament at t ¼ 0. (b) Overlay of the time
courses of boundary formation comparing activation of 20 mM cofilin and
dissociation from a decorated filament.
FIGURE 5 Time evolution of boundaries between bare and decorated
regions that are associated with cofilactin severing activity on cofilin activa-
tion. The number density of boundaries was calculated as the number of
singly-contiguous bound cofilins plus two times the number of isolated
bound cofilins. Considering an isolated bound cofilin as a single boundary
has minor effects on the curves. The curves represent activation of (line a)
30, (line b) 20, (line c) 15, (line d) 10, (line e) 7.5, or (line f) 5 mM cofilin.
Both panels contain the same data but are presented on different timescales
for visualization.A second peak of severing activity is predicted to occur
due to cofilin dissociation and inactivation by LIM kinase
(33,34). As cofilin dissociates from decorated filaments,
additional boundaries will form, and then dissipate
(Fig. 6). However this second phase of severing can only
occur if the initial level of cofilin activity is high enough to
decorate the filament or at least create large clusters of bound
cofilin. Cofilin dissociation and inactivation will occur on
a slightly slower timescale than association, which extends
the lifetime of boundaries, thereby generating more severing.
All of the aspects discussed above have been incorporated
into what we believe is a novel model for in vivo cofilin
function that accounts for the kinetic competition between
filament binding and severing (Fig. 7). When the cofilin
activity is high, such as in the leading edge of a migrating
cell, filaments will quickly be decorated, resulting in minimal
severing during the association phase. However, further
away from the leading edge as cofilin dissociates and is inac-
tivated by phosphorylation, a higher amount of severing willBiophysical Journal 98(9) 1893–1901
FIGURE 7 Model of cofilin binding and severing in cells. After cofilin activation and ATP hydrolysis/phosphate release from actin, cofilin rapidly binds to
filaments resulting in a transient peak in the formation of boundaries and associated severing probability. As cofilin continues to bind, the number of boundaries
decreases resulting in stable filaments, but as bound cofilin dissociates and activity decreases, the number of boundaries rises again resulting in an increased
severing probability. We do not implicate cofilin binding to actin monomers and associated filament nucleation activity (5) because the affinity of human non-
muscle cofilin I for human nonmuscle MgATP actin monomers is weak (Fig. 4). For simplicity, we assume cofilin does not affect the nucleotide state of actin
filaments, although it has been suggested to accelerate Pi release allosterically from nonoccupied sites (10).
1900 De La Cruz and Septoccur due to the prolonged presence and number of bound-
aries. Intermediate levels of cofilin activation will generate
severing during both association and dissociation phases.
This model explains how cofilin severing activity can
contribute to filament assembly and disassembly both at
the leading edge (33) and the lamella (35).
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